adjustments and how they may be important in the adaptation and survival of normal infants and those with congenital heart disease. As a basis for this discussion, the course and distribution of the fetal circulation are first described and the influences of the major transitions, including the decline in pulmonary vascular resistance, the closure of the ductus arteriosus, and the closure of the foramen ovale, on the physiology of the circulation are reviewed. Figure 1 In the fetal circulation the ductus venosus (DV) serves as a bypass for umbilical venous blood to enter the inferior vena cava directly. The foramen ovale (FO) carries well oxygenated blood from the inferior vena cava into the left atrium and left ventricle. The ductus arteriosus (DA) carries the major portion of blood ejected from the right ventricle to the descending aorta and mainly to the placenta. SVC = superior vena cava; IVC =inferior vena cava; RA = right atrium; LA = left atrium; RV = right ventricle; LV = left ventricle; PA = pulmonary artery; Ao= aorta.
terns of flow are similar. Umbilical venous blood, returning from the placenta, is relatively well oxygenated with a Po2 of about 30 mm Hg. About 40 to 60% of umbilical venous blood passes through the liver; the remainder bypasses the hepatic capillary circulation through the ductus venosus which connects the umbilical veins directly with the inferior vena cava. The inferior vena caval blood, as it enters the heart, is largely deflected by the crista dividens through the foramen ovale to the left atrium, but some of the inferior vena caval return enters the right atrium and flows through the tricuspid valve. Almost all the superior vena caval blood passes into the right atrium and through the tricuspid valve, only 2 to 3% crossing the foramen ovale. Since the inferior vena cava receives the total umbilical venous return, blood entering the left atrium and left ventricle has a considerably higher P02 than that entering the right ventricle. Right ventricular blood is ejected into the main pulmonary artery, but only 10 to 15% of right ventricular stroke volume reaches the pulmonary circulation, the remainder being diverted away from the lungs through the ductus arteriosus to the descending aorta. Blood ejected by the left ventricle is distributed to the coronary circulation, brain, head, and upper extremities, and the remainder passes into the descending aorta. This design of the fetal circulation provides blood of a higher Po2 to the coronary and cerebral circulations than to the lower body organs; it also helps divert venous blood to the placental circulation where oxygenation occurs. The Po2 in the ascending aorta is 25 ( fig. 2 ). Under these circumstances, the blood flow to the lungs as well as to the fetal organs deriving their blood supply from the aorta is dependent on local vascular resistances. The placenta, which has a very low vascular resistance, receives 40 to 50% of the total fetal left and right ventricular output. The lungs, however, receive only about 5 to 10% of the total cardiac output in the lamb at near term gestation.3
The Fetal Pulmonary Circulation
The low pulmonary blood flow and diversion of right ventricular output away from the lungs through the ductus arteriosus are due to the very high pulmonary vascular resistance in the fetus. From histologic examination of the fetal and neonatal lungs of guinea pigs, Reynolds5 suggested that the high pulmonary vascular resistance in the fetal lung was due to the fact that the small blood vessels in the unexpanded lung were tortuous and kinked and this retarded flow. More It is interesting to speculate whether in fetuses in whom the pulmonary circulation is perfused by blood with higher Po2, such as in transposition of the great arteries or in mitral atresia, the pulmonary vascular smooth muscle is less fully developed, and whether this may influence the postnatal adjustments.
Postnatal Changes in the Pulmonary Circulation
Ventilation of the lungs after birth is associated with a dramatic increase in pulmonary blood flow'1 ( fig. 3) . Although it has not been fully resolved, it appears that simple mechanical expansion of the lung alone does not produce any major reduction of pulmonary vascular resistance. However, the introduction of air into the alveoli produces a gasfluid interface, and the surface forces tending to collapse the alveoli may exert some distending force on the small vessels in the interalveolar spaces, tending to hold them open. The most important factor in reducing pulmonary vascular resistance after birth is the rise in Po2 to which the pulmonary vessels are subjected. The increase in alveolar P02
would hardly be expected to dilate the precapillary pulmonary arterioles, which are the major resistance vessels in the lung. Staub'2 has shown, however, that oxygen diffuses into the precapillary vessels from surrounding alveoli, and in this manner could influence arterioles. The dilator effect of oxygen on pulmonary vascular smooth muscle is the opposite of that on most other vascular smooth muscle, but in spite of extensive investigative efforts, the reasons for this difference in the response of the vessels are unresolved. Lloyd13 has recently done a most intriguing experiment which suggests that the effect of oxygen and hypoxia on the pulmonary vessels is dependent on the release or inhibition of some substance from the lung parenchyma. He showed that a strip of pulmonary or carotid artery, when suspended in a bath, failed to constrict with hypoxia but that both arteries constricted in response to hypoxia when surrounded by a cuff of lung tissue.
The possible mediation of the oxygen effect on the pulmonary circulation after birth through release of bradykinin has received much attention recently. Campbell et al."4 showed that bradykinin is a potent vasodilator of fetal pulmonary blood vessels. Heymann et al. ' 5 have demonstrated that expansion of fetal lamb lungs with oxygen, but not with nitrogen, results in a reduction in levels of kininogen, a bradykinin precursor, in left atrial blood, suggesting that bradykinin is formed in the lung. It was also shown that when the Po2 in the lamb fetus was raised by placing the ewe in a hyperbaric chamber in which she was ventilated with oxygen, there was measurable bradykinin formation.
In the normal infant, the ductus arteriosus constricts after birth, thus separating the pulmonary and systemic circulations, and the decrease in pulmonary vascular resistance The elimination of the placental circulation after birth results in a marked increase in overall systemic vascular resistance. This, associated with the fall in pulmonary vascular resistance, produces a reorientation of flow patterns in the circulation. While the ductus arteriosus remains widely patent, the pressures in the systemic and pulmonary circulations will remain the same, but there will be preferential flow of blood through the lungs with reversal of fetal right-to-left flow through the ductus to a neonatal left-to-right shunt. Normally, the ductus arteriosus is functionally closed within 10 to 15 hours after birth and pulmonary arterial pressure drops, while systemic arterial pressure increases further. 18 When a congenital heart lesion exists in which there is equalization of systemic and pulmonary pressures, the hemodynamic disturbance and clinical features are largely dependent on the relationship between systemic and pulmonary vascular resistance. This applies to lesions such as large ventricular septal defects, large patent ductus arteriosus, truncus arteriosus communis, aortopulmonary fenestration, double outlet right ventricle, and single ventricle. The decrease in pulmonary vascular resistance after birth will favor flow through the lungs versus the systemic circulation. An increase in pulmonary venous return to left atrium and ventricle will result, with an increased diastolic volume in the ventricle, and on the basis of the Frank-Starling mechanism, in an increase in left ventricular stroke volume. The magnitude of the pulmonary blood flow and thus the degree of increase in left ventricular output would be directly determined by the ratio of pulmonary to systemic vascular resistance. On the basis of the relationship between the decline of pulmonary vascular resistance and the development of left-to-right shunt, it may be expected that symptoms of systemic- At the time of the first study, the oxygen saturation in the right pulmonary vein was decreased, and there was a lower saturation in the descending aorta compared to the left atrium suggesting a right-to-left shunt through the ductus arteriosus. No left-to-right shunt was detected. Pulmonary arterial pressure was markedly elevated to systemic levels and right atrial pressure was higher than that in the left atrium. After recovery, the infant had a large left-to-right shunt through the ductus arteriosus with no right-to-left shunt. The pulmonary arterial pressure was considerably reduced, as was right atrial pressure.
In certain unusual instances, the pulmonary vascular resistance may fall very rapidly after birth. This could be related to an abnormally rapid regression of smooth muscle, as suggested by Heath et al.30 in two infants who died on the second day after birth as a result of left ventricular failure resulting from patent ductus arteriosus. It is also possible that there may be a great difference in the behavior of the pulmonary vasculature after birth in premature as compared with mature infants. It is evident that the onset of cardiac failure in premature infants often occurs within the first month after birth, whereas in mature infants, although failure may be observed this early, it is usually delayed to the second or third month (Hoffman and Rudolph, unpublished observations). Also, a high incidence of cardiac failure is associated with persistent patent ductus arteriosus in premature infants within the first 4 weeks after birth, particularly in those weighing under 1,500 g. The greater susceptibility of premature infants with cardiac defects to early cardiac failure could be related to a difference in pulmonary vasculature. The actual pulmonary vascular resistance decreases in the latter part of gestation, but pulmonary vascular resistance in relation to fetal body weight does not change significantly.10 This change could be related to an increase in diameter of the vessels or to growth of new vessels but is almost certainly not due to a progressive decrease in vascular tone, as the amount of smooth muscle in the pulmonary arterioles increases with advancing gestation9 (fig. 3 ).
Thus, a prematurely born infant may have a pulmonary vascular resistance at birth equivalent to that of a full-term infant in relation to body weight, but since there is less smooth muscle in the pulmonary arterioles, a more rapid drop in pulmonary vascular resistance, with early onset of symptoms of failure, may be expected in the presence of the applicable cardiac lesions.
Atrial Septal Defect and the Pulmonary Circulation
Although it has generally been supposed that the foramen ovale is functionally closed after birth, studies in newborn infants on the first day of life have revealed some left-toright shunt across the atrial septum.'9 Subsequent observations have demonstrated that several infants in the first few months after birth may have an atrial left-to-right shunt which later disappears; this is probably related to an incompetence of the foramen ovale flap, which later closes (Hoffman, Danilowicz and Rudolph, unpublished data). The development of an atrial left-to-right shunt after birth was at one time explained on the basis of an increase in right ventricular muscle compliance, associated with a decreased thickness of right ventricular muscle after birth. This thesis cannot, however, explain atrial left-to-right shunt in the immediate postnatal period. Shunting in atrial septal defect is probably also directly related to the fall in pulmonary vascular resistance after birth. A decrease in the impedance against which a ventricle is ejecting will result in an increased stroke volume.31 Thus, as pulmonary vascular resistance falls and systemic vascular resistance rises after birth, the stroke volume of the right ventricle will be higher than that of the left. If there is a large atrial septal defect which allows for an equalization of atrial pressures, the right ventricle, which has undergone a greater systolic emptying, will fill preferentially. If there is no communication between the left and right ventricles, or aorta and pulmonary artery, the fall in pulmonary vascular resistance will result in a drop of pulmonary arterial pressure, and the left-to-right shunt will be greater. The importance of the relationship between systemic and pulmonary vascular resistances in influencing shunting has been recently demonstrated in experimental atrial septal defects in adult dogs.32 Dependent and Obligatory Shunting (Fig. 7) To explain some of the phenomena observed in patients with congenital heart lesions, I would like to introduce the concept of dependent and obligatory (or independent) shunting. As I have already discussed, the development of left-to-right shunts in patients with large communications between the aorta and pulmonary artery, between the two ventricles, and between the left and right atria, is dependent on the decrease in pulmonary, relative to the systemic, vascular resistance. In certain other lesions, however, there may be an arteriovenous shunt in which the magnitude of the shunt is unrelated to the changes in pulmonary vascular resistance. When there is a direct communication between systemic arteries and systemic veins, or between the left ventricle and the venous ,atrium, an obligatory shunt, which is independent of changes in pulmonary vascular resistance, will occur. Lesions which fall into this category are large congenital arteriovenous fistulae, such as cerebral arteriovenous fistulae or aneurysms of the great vein of Galen ( fig. 8) Figure 7 Dependent and obligatory shunts. With dependent shunts the change in pulmonary vascular resistance is followed by changes in pulmonary blood flow. The postnatal fall in pulmonary vascular resistance is associated with an increase in pulmonary blood flow. Later, when secondary pulmonary vascular disease occurs and resistance rises, pulmonary blood flow falls. In obligatory shunts, the high pulmonary blood flow prevents the normal drop in pulmonary vascular resistance and subsequently pulmonary vascular resistance rises but does not significantly affect the increase in flow. In four infants with cerebral arteriovenous fistulae whom we studied by cardiac catheterization, pulmonary arterial pressures were maintained at or near systemic levels. In three of these patients, pulmonary vascular resistance was maintained at levels high enough to result in right-to-left shunting through a patent ductus arteriosus, or patent foramen ovale or both ( fig. 8 ). This represents the interesting situation in which an obligatory left-to-right shunt may maintain the pulmonary vascular resistance at a level high enough to result in right-to-left shunting through a systemic-pulmonary communication.
In years. When pulmonary vessels are constricted by muscular hypertrophy, as occurs in ventricular septal defect or patent ductus arteriosus, the shearing force on the endothelium with increased pulmonary blood flow is much greater, and thus early intimal damage may result. This effect of blood flow on the endothelium of constricted vessels may also explain the intimal damage occurring in the pulmonary circulation of individuals living at high altitude.
Postnatal Changes in the Main and Branch Pulmonary Arteries
Although the decrease in pulmonary vascular resistance after bi-rth is largely associated with changes in the precapillary pulmonary vessels, alterations in the configuration of the pulmonary artery trunk and its main branches may play some part in postnatal adjustments (Danilowicz, Hoffman, Heymann, and Rudolph, unpublished data). The main pulmonary artery continues as a major trunk into the ductus arteriosus in the fetus, and the left and right pulmonary arteries arise as branches from this trunk ( fig. 10) . We have also observed that there is frequently a pressure drop between the main pulmonary artery and its right and left branch in newborn infants as well as in newborn animals. This pressure difference may be associated with a systolic murmur in the periphery of the chest, suggesting peripheral pulmonary stenosis. With growth of the infant, the discrepancy in size between the main pulmonary artery and its branches disappears, the pressure difference is no longer detectable, and the murmurs disappear.
The Ductus Arteriosus
Closure of the Ductus Arteriosus
The ductus arteriosus in the fetus is a large communication between the main pulmonary artery and the aorta, and it conducts the major portion of right ventricular output into the descending aorta. Several investigations have demonstrated that the ductus constricts when the oxygenation of the arterial blood is increased.37 38 The actual level to which Po2 must be elevated before ductal closure occurs is not known. Although Assali and associatesl7 haxve reported a linear relationship between P0., and ductal resistanice in the lamnb, this study is open to some questioni since ductal constriction continued to increase vwhen P02.J was elevated to 600( mml Hlg. Yet in lamrbs born normally, complete ductal closure may he observed altlhough Po, levels are oinly raised to about 80 mm Hg. It is possible, hoxvever, that there are factors other thani the increase in P0,2 after birth, which are responsilie for ductal closure. The role of bradykinin in closuire of the ductus arteriosus has not beern delineated. Bradykinin produces constriction of the ducttus arteriosusm'" and is present in arterial blood after birth.4"1 I-lowevxer, it is not known whether it is important in norimial physiologic closure.
In the normal full-term human inf'ant, the ductus arteriosus is functionally closed within 10 to 15 hours after birth.'" If it remains open. a( simiall left-to-right shunt will be present, since pulmonary vaseular resistance falls and systemic resistance rises. The initial closure is due to mluscular contraction, and the ductus ma-iy reopen if there is a decrease in arterial P,).J Moss and associates41 showed that hypoxemia produced by ventilation with low oxygen gas mixtures could reopen the ductus up to the third day after birth. Subsequent closure is due to thrombosis in the subintimal region witlh fibrosis. In normal mature infants, the duetus is permanently closed within 2 to 3 weeks after birth. 42 W\7e hav7e previously reported delayed closure of the ductus arteriosus in several preniature infants. 43 No information is available regarding the size of the ductus arteriosus in fetuses or in infants at the time of birth in whom pulmonary or tricuspid atresia is present. Since pulmonary blood flow is small in the fetus, it is possible that the ductus is underdeveloped. The presence of an abnormally small ductus arteriosus in the fetus may account for the fact that the ductus may not be able to provide adequate pulmonary flow after birth in these infants. Whatever the cause of ductal closure in spite of persistent hypoxia in these infants with cyanotic congenital heart disease, the event may occur suddenly and result in the rapid demise of the infant. 
